Introduction
In Japan, more than 25 million tons of blast furnace slag (BF) is generated every year. It has been widely used for cement production, road construction, and as a concrete aggregate. However, the amount of recycled BF slag in these fields was saturated and the development of a value added products from such waste slag has become an important issue for establishing a sustainable society. 1) Therefore, various recycling processes and relation researches have been recently been investigated. [2] [3] [4] [5] Hydrothermal processing is considered as one of the approached to solve this problem. 6) This processing is useful for the synthesis and solidification of materials from various raw materials or waste matters containing water at low temperatures (below 300°C) in the presence of saturated water vapor. 7) This temperature can be easily attained by utilizing abundant low-temperature heat source in iron-and steelmaking processes. The application of hydrothermal reaction could result in the development of a new sustainable system loop for recycling the byproducts of iron-and steelmaking processes.
Several researchers have investigated the hydrothermal reaction of the CaO-SiO 2 -H 2 O system while focusing on the purity of the starting materials. 8, 9) However, few studies have reported on the hydrothermal treatment of BF slag. Yamasaki et al. 10) investigated the solidification of BF slag using a hydrothermal hot-press system. Sugano et al. 11) were synthesized zeolite A using BF slag by alkali hydrothermal treatment. Nakamoto et al. 12) reported that it is possible to use waste slag as a lubricant in high straining rolling of ultra-fine-grained steel by employing the hydrothermal hot-pressing method. However, the reaction mechanism and the behavior of BF slag under various hydrothermal conditions are still unclear.
The objective of this study is to investigate the reaction behavior of the BF slag during hydrothermal processes at different hydrothermal conditions to develop new processes for slag utilization. Furthermore, the hydrothermal reaction mechanism was discussed by comparing the experimental results obtained in vapor and liquid phase from the experimental data.
Experiment
The chemical composition of the BF slag is shown in Table 1 . All samples are almost glassy before the hydrothermal treatment.
The schematic diagram of the autoclave used for the hydrothermal treatment is shown in Fig. 1 . This autoclave consisted of a stainless steel outer vessel and a Teflon inner vessel to protect it from the acidic or alkaline solutions. The experiments in this study were performed in two methods. The samples were hydrothermally treated either in liquid or vapor phases under a saturated water steam pressure condition as shown in Fig. 1 .
The experimental procedure was as follows: The slag
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powder 0.5 g (Ϲ125 mm) and aqueous solution was placed in the autoclave. The ratio of V sol /W slag (mL/g) was set to 50 mL/g. The mass of water in the autoclave required to separate vapor phase from aqueous phase was determined based on the calculated data from the steam table. 13) The experimental temperature was varied from 100 to 300°C under the saturated water steam pressure and the corresponding pressure range was about 1 to 85 atm, respectively. The experimental duration for each temperature varied from 0.5 to 60 h. For the experiment in vapor phase, the powdered raw material was placed in a small vessel and this vessel was placed at the top in the autoclave. After the scheduled hydrothermal treatment, the autoclave was cooled to room temperature and the products were washed using distilled water and dried at 80°C before analysis.
After the drying, the products were characterized by powder X-ray diffraction (XRD) with Cu-Ka radiation. The degree of crystallization was then estimated by the internal standard method using TiO 2 as the internal standard and a glassy synthesized slag and synthesized tobermorite as the matrix. A scanning electron microscopy with energydispersion analysis (SEM-EDX) has been performed in order to characterize and observe the morphologies of these products. The mass of water in the products was also measured by conducting an ignition loss test at 1 000°C.
Results and Discussion

Hydrothermal Behavior of the BF Slag in Liquid
State The hydrothermal treatment was conducted at 100-300°C for 12-60 h in liquid state with distilled water using BF slags. The XRD patterns of BF slag and products are shown in Fig. 2 . These results revealed that no phase differences were observed under the considered hydrothermal conditions. Although, studies on the CaO-SiO 2 -H 2 O system, 8, 9) revealed that the products of hydrothermal treatment contain a considerable amount of water, a large quantity of these samples contained less than around 0.1 % mass water.
On the other hand, Sugano et al. 7) reported the successful synthesis of zeolite A by using the BF slag obtained by alkaline hydrothermal treatment, it can be noted that the effect of alkaline solution on the hydrothermal treatment using BF slag. In this study, the effect of the concentration of the alkaline solution (0.01-1 M NaOH) on the hydrothermal treatment were investigated by using BF slag and the results are listed in Table 2 . These results revealed that the BF slag resulted in the synthesis of calcium silicate hydrate (C-S-H) phase after a holding period of 24 h in 0.01 M NaOH. From the ignition loss test result, the water contents of the product was 2 mass%. Further, tobermorite (Ca 5 Si 6 O 16 (OH) 2 · 4H 2 O) was completely formed after a holding period of 48 h in 1 M NaOH with water content of 5 mass% in product. It was also observed the ratio of the amount of tobermorite to the total amount of products tended to increase with increasing holding hours and concentration of NaOH. Raw material powders still remained as an amorphous phase after the treatment, but 40% of tobermorite were synthesized after 24 h in 1 M NaOH, after then, the ratio of tobermorite was increased to 60 % with a further extension of the treating time. Previous researchers 14, 15) reported that C-S-H was obtained by the reaction of CaO and SiO 2 with water at various mixing ratios and temperatures, and that was diminished in longer time due to the thermodynamic instability. Accordingly, C-S-H is considered to be firstly formed, followed by the formation of tobermorite in the present study. Based on the obtained results, the difference in the behavior of distilled water and alkaline solution in liquid state during the hydrothermal treatment are discussed. The images of the reaction mechanism were presented in Fig. 3 . During hydrothermal processing, the hydrothermal products were produced by the dissolution and deposition of materials through a saturated aqueous solution. 6) In case of the distilled water, the dissolution rate of slag particle to the water was very low and a longer time was required for the water to be saturated as shown in Fig. 3(a) . On the other hand, when an alkaline solution was used, the solubility of slag was increased, thereby resulting in fast saturation under hydrothermal conditions as shown in Fig. 3(b) . Yamasaki et al. 16) also reported that the usage of an alkaline solution increases the solubility of silica, and facilitates its fast saturation under hydrothermal conditions.
Hydrothermal Behavior of the BF Slag in Vapor
State The effect of states of water on the hydrothermal condition of BF slag was investigated. Figure 4 shows the XRD patterns of the products obtained by the hydrothermal treatment of BF slag in vapor state. The formation of C-S-H phase was observed at 200°C for treatment duration of 24 h, and the tobermorite phase was observed clearly for treatment duration of 48 h. When the sample was treated in dis- tilled water, no phase transitions were detected by XRD as shown in Fig. 2 . However, the presence of the C-S-H phase and tobermorite after the hydrothermal treatment in vapor state was confirmed. Similarly, Yanagisawa et al. 17) reported that the hydrothermal reaction of borosilicate glass powder appeared to proceed more rapidly in vapor state than in aqueous state.
In order to observe the difference in the reaction behavior of the BF slag between liquid and vapor states, BF slag was examined by SEM and EDX. Since it was difficult to determine the degree of reaction quantitatively and the change in chemical composition of powdered sample, SEM observations and EDX analyses were carried out using BF slag granule of 3-5 mm in diameter. They were hydrothermally prepared at 200°C for 48 h in both states, and then cross sections of each sample were examined by SEM/EDX.
Figures 5(a) and 5(b) show the SEM photographs of the BF slag and the product obtained after the hydrothermal treatment in liquid state, respectively. It is found that the hydrothermal reaction did not occur at all. Accordingly, the composition of the BF slag did not change by hydrothermal treatment, which is in consisted with the mechanism of the BF slag in liquid state with distilled water, as shown in Fig.  3(a) .
On the other hand, a quite different result was observed when the hydrothermal reaction was carried out in vapor state. Figure 6(a) shows the SEM photographs of the slag after hydrothermal treatment in vapor state and the entire surface of the slag granule formed a reaction layer that had a uniform thickness of approximately 10 mm. Figure 6(b) shows the enlarged SEM micrograph of region (A) in (a). In Fig. 6(c) , a line analysis along the line (B) in Fig. 6(b) is shown. It is considerable that EDX analysis shows a remarkable variation in the chemical composition between BF slag and the hydrothermal reaction layer. The chemical composition of the reaction layer in the present case, containing CaO and SiO 2 as the major elements, indicates that the needle-shaped crystals are mainly composed of tobermorite materials.
Hence, the hydrothermal mechanism of BF slag in vapor state is discussed. Figure 7 shows the schematic diagram of hydrothermal reaction of BF slag in vapor state. Firstly, it is presumed that a water film was formed over each slag powder, and then the dissolution is occurred between the slag and the water film as shown in Figs. 7(a) and 7(b) . In such case, the thin water film on the surface of the slag powder has significant smaller volume than liquid state, the saturation of the water film can be easily achieved compared to the case in liquid state. Accordingly, a supersaturated water film appeared with respect to the C-S-H phase as shown in Fig. 7(c) . Finally, in Fig. 7(d) , the unstable C-S-H phase transformed to a stable phase such as tobermorite. It was also confirmed that tobermorite was formed at the BF slag as shown in Fig. 4 .
From the above results, it was found that tobermorite was formed from BF slag by hydrothermal treatment in the 
